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We will present measurements and calculations related to the antisymmetric perturba-
tions, and comparisons with the symmetric ones, of the IFUSP race-track microtron
booster accelerator end magnets. These perturbations were measured in planes situated at
±12 mm of the middle plane, in a gap height of4 cm, for a field distribution ofabout 0.1 T.
The measurements were done in 1170 points, separated by a distance of 8 mm, using an
automated system with a ±1.5 ~T differential Hall probe. The race-track microtron
booster is the second stage of the 30.0 MeV electron accelerator under construction at the
Linear Accelerator Laboratory in which the required uniformity for the magnetic field is
of about 10-3. The method of correction employed to homogenize the IFUSP race-track
microtron booster accelerator magnets assures uniformity of 10-5 in an average field of
0.1 T, over an area of 700 cm2 . This method uses the principle of attaching to the pole
pieces correction coils produced by etching techniques, with copper leads shaped like the
isofield lines of the normal component of the magnetic field measured. The ideal planes, in
which these measurements are done, are calculated and depend on the behavior of the
magnetic field perturbations: symmetric or antisymmetric with reference to the middle
plane of the magnet gap. These calculations are presented in this work and show that for
antisymmetric perturbations there is no ideal plane for the correction of the magnetic field;
for the symmetric one, these planes are at ±60oAJ of the half gap height, from the middle
plane. So this method ofcorrection is not feasible for antisymmetric perturbations, as will
be shown. Besides, the correction of the symmetric portion of the field distribution does
not influence the antisymmetric one, which almost does not change, and corroborates the
theoretical predictions. We found antisymmetric perturbations of small intensity only in
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one of the two end magnets. However, they are not detected at ±1 mm of the middle plane
and will not damage the electron beam.
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1 INTRODUCTION
The end magnets l - 4 of the IFUSP race-track microtron booster elec-
tron accelerator had their field distributions investigated in detail,
and homogenized with correction coils made of etched printed circuits.
This method of correction, which provided uniformity better than the
necessity of the machine operation, is only successful for symmetric
perturbations (Figure lea)) of the magnetic field distribution. The
antisymmetric ones (Figure l(b)), which cannot be eliminated with this
method of correction, as will be shown, will not compromise the syn-
chronism, because of their small intensities. The theoretical predictions
of the correction of antisymmetric magnetic field perturbations will be
shown, as well as the experimental results for one of the end magnets,
in which these perturbations were observed; comparisons with the
symmetric case will be done. For the other magnet, antisymmetric





FIGURE 1 Pole pieces with (a) symmetric and (b) antisymmetric perturbations
related to the middle plane represented by the density current Us).
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perturbations were not detected. However, in both cases, the final
uniformity attained, in the middle plane and in the ones situated at
±1 mm of it, is about 0.001 %. This was also observed when the end
magnets current was varied7,s up to ±100/0.
2 THE METHOD OF CORRECTION
In the magnet gap rotii == 0 and 8Bx /8z==8Bz /8x (Bz is the normal
component of the magnetic field, Bx is the tangential component of
the magnetic field and the coordinates z and x represent the normal and
the tangential directions to the pole pieces, respectively). To homo-
genize Bz , that is to say, to make 8Bz /8x == 0, is equivalent to make
8Bx/8z == O. This postulate is fulfilled if Bx == O. The method of correc-
tion is based on eliminating the magnetic field component, tangential
to the pole pieces, by means of correction coils that are copies of
the inhomogeneities measured. In each point of the correction coils,
that are attached to the pole pieces, an adequate density current elim-
inates the tangential component of the magnetic field. The correction
coils are made of etched printed circuits, with copper leads shaped like
the isofield lines of the normal component of the magnetic field, mea-
sured in ideal planes of the magnets. The distance between two isofield
lines represents the variation of the normal component of the magnetic
field that has to be eliminated in order to homogenize the magnetic
field. Assuming that the direction of Bx is parallel to the direction of
the Bz variation, the current has to flow in the direction of the isofield
lines of the magnetic field.
When the inhomogeneous magnetic field has tangential components
symmetric to the middle plane, there are ideal planes l ,6 for the mea-
surements of the normal component of the magnetic field, that are
calculated and that enable the construction of correction coils more
efficient than those based on the measurements done at the pole piece
surface.s These ideal planes are at ±600/0 of the half gap height, from the
middle plane. As the half gap height of the magnets is given by 2 cm, the
planes for the measurements are situated at ± 12 mm of the middle
plane. On the other hand, when the tangential components are anti-
symmetric, there is no ideal plane for the correction of the magnetic
field. So this method of correction does not eliminate the antisymmetric
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perturbations. The calculations and the measurements related to these
perturbations are presented in the next sections.
3 THE STUDY OF THE MAGNETIC FIELD
PERTURBATIONS
The ideal planes in which the measurements of the magnetic field have
to be done to construct the correction coils are calculated based on the
following assumption: superposition of an ideal magnetic field repre-
sented by ideal pole pieces with jL == 00, with symmetric and antisym-
metric perturbations on their surfaces, represented by the current
density (is), created by material impurities, pole pieces machining,
annealing of the material, and so on. We should remark that the ana-
lytical calculations for the symmetric and antisymmetric case will be
done separately.
Figure 1(b) shows ideal pole pieces (jL == (0), with antisymmetric
perturbations represented by the current density (is), and the half gap
height by h. These perturbations are responsible for the following
behavior of the magnetic field with reference to the middle plane (z == 0):
Bx(x,z)==Bx(x,-z) and Bz(x,z)==-Bz(x,-z). In the middle plane
Bx(x, z) i- 0 and Bz(x, z) == O. The behavior of these components can be
seen on the right side of Figure 1(b), that presents the magnetic flux
in the "air" region, related to the current density (is) responsible for
the antisymmetric perturbations. Figure lea) shows ideal pole pieces
(jL == (0) with symmetric perturbations. In this case the magnetic field
with reference to the middle plane is given by Bx(x, z) == - Bx(x, - z),
Bz(x,z)==Bz(x,-z), and in the middle plane, Bx(x,z)==O and
Bz(x, z) i- O. The behavior of these components can be seen on the
right side of Figure lea), that shows the magnetic flux in the "air"
region, related to the current density (is) responsible for the symmetric
perturbation.
The magnetic field component Bx , on the pole piece surface, before
the introduction of the correction coil, can be written in terms of its
antisymmetric perturbation current density (is):
jL 1+00Bx = Mois(x) = hO -00 a(p)ejPc'dp. (1)
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In Eq. (1), /-10 represents the vacuum permeability, h means the half
gap height and ~ == x/h.
The perturbation current density given by the Fourier integral9
represents a linear superposition of plane waves with different wave
lengths A. In Eq. (1), a(p) is the wave amplitude, with p == hk, where
k == 21r/A is the wave number.
To obtain the scalar potential (¢) we use Eq. (1) with rotB == 0 in
the gap:
~( )_. 1+00 a(p) jp~ (COSh(P()) d
If' x, Z - J/-10 e h() p.
-00 p cos p
(2)
In the equation above, (== z/h and the cosh(p() term will fulfill the
requirements for the antisymmetric behavior of the magnetic field.
Besides, this scalar potential satisfies the Laplace equation.
The normal component of the magnetic field (Bz ) is obtained by using
Eq. (2) for the scalar potential:
B ( ) == _ 8¢ == _ j/-1o 1+00 ( ) jp~ (Sinh(p()) dz x, z ~ hap e h() p.
uZ -00 cos p
(3)
In Eq. (3) sinh(p() is associated with the antisymmetric behavior of
the magnetic field perturbation because it assures that Bz(x, z) ==
-Bz(x, -z) and Bz(x, z) == 0 in the middle plane.
The correction current density ic can be calculated l ,6 using Eq. (3):
ic == -(hi /-10) (8Bz I8x) Icc where (c represents the ideal plane in which
measurements are performed to produce the copper leads of the cor-
rection coils. This equation shows that the correction current density ic
depends on the measurement of Bz in the ideal plane (c.
Then, the resultant current density is given by
. ._11+00 jp~ ( p Sinh(p(c))
Ie + IS - It -00 a(p)e 1 - cosh(p) dp. (4)
Using Eq. (4) and cosh(p()/cosh(p) from Eq. (2), we obtain the
tangential component of the magnetic field in the middle plane and,
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in the presence of the current densities is and ic,
Bx(x, z) == Mo(ic + is)
== Moj+oo a( )e jp( ~ _ p sinh(p(c)~ ( 1 ~ dp.
h -00 p \ cosh(p)) cosh(p))
(5)
We define in Eq. (5) a term that gives the residual antisymmetric
perturbations in the middle plane:
UA == (1 _p Sinh(p(c)) ( 1 )
cosh(p) cosh(p)' (6)
Analyzing the behavior of UA in function of p, for several values of
(c, we can look for an ideal plane to measure the normal component of
the magnetic field that will produce the copper leads of the correction
coils. Figure 2 shows that for the p values near zero, UA does not depend
on (c, because it is approximately one. As the p value increases up to
p == 5, we observe a dependence of UA in terms of (c. Then, for values of
p higher than 5, UA does not depend anymore on (c and the residual
inhomogeneities are practically null.
We then come to the conclusion that this method of correction is not
feasible for antisymmetric perturbations, once there is no ideal value
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FIGURE 2 Residual antisymmetric perturbations, in the middle plane, as a function
of p for different values of (c.
THE IFUSP MICROTRON END MAGNETS 27
p value. The antisymmetric perturbations measured in one of the end
magnets will be shown in the next section.
Doing similar calculations for the symmetric case1,6 (Figure 1(a)) we
obtain~ for the normal component of the magnetic field, in the middle
plane, in the presence of the current density is responsible for the
symmetric perturbations, and of the correction current density ic , the
following expression:
_ Moj 1+00 jp~ ( P COSh(P(c)) ( 1 )Bz(x,z) - -h -00 a(p)e 1 - sinh(p) sinh(p) dp. (7)
In Eq. (7), we define a term Us that gives, after the correction of
the magnetic field, the residual symmetric perturbations in the middle
plane, as we did for the antisymmetric case:
U == (1 _P COSh(P(C)) ( 1 )
S sinh(p) sinh(p)· (8)
The behavior of Us in function of p gives the ideal plane to measure
the normal component of the magnetic field for the construction of the
copper leads of the correction coil.
Figure 3 shows the behavior of Us in function of p, for several
values of (c. In this case, there are ideal planes, (c == ±O.6, for which









FIGURE 3 Residual symmetric perturbations, in the middle plane, as a function of p
for different values of (c.
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enables the correction of magnetic field distributions that are sym-
metric. As the half gap height of the magnets is given by 2 cm, the planes
for the measurements are situated at ±12 mm of the middle plane.
4 CORRECTION OF THE MAGNETIC FIELD
The measurements were done by means of an automated system with












FIGURE 4 Field distribution, for the first magnet, 12 mm (a) below and (b) above
the middle plane before the introduction of the correction coils. Difference between
two lines is 10 JlT.
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distance of 8 mm; the field distribution was about 0.1 T. So all the field
distributions presented in this work are difference measurements of the
normal component of the magnetic field, detected by differential Hall
probes. The reproducibility of the measurements was of ±0.001 0/0. The
current was established using a well defined cycling procedure in order
to avoid the hysteresis effects, that normally compromise field dis-
tributions of low intensity.
The inhomogeneities in both magnets are practically symmetric to the
middle plane. For each magnet we did two identical double sided cor-
rection coils4 made of etched printed circuit boards, based on the
arithmetic mean of four field maps, two 12mm above and two 12mm
below the middle plane (±600/0 of 20 mm, the half gap height). The
copper leads (40 Jlm thickness) were shaped like the lines of equal
magnetic field obtained after this procedure and were placed at the pole
faces. Figures 4(a), (b) and 5(a), (b) show the field distributions of the
two magnets that originated the correction coils. Figures 6 and 7 show
the two magnets correction coils. The optimal currents for the cor-
rection coils of each magnet, 122.2 rnA for the first one and 115.7 rnA
for the second, were found empirically and are in good agreement with
the theoretical4,s value given by I == h~B/ /-La == 117.8 rnA (h == 2 cm ==




















FIGURE 5 Field distribution, for the second magnet, 12mm (a) below and (b) above
the middle plane before the introduction of the correction coils. Difference between
two lines is 10 JlT.
FIGURE 6 The correction coils of the first magnet. The interval between the copper
leads is of 7.4 JlT.
FIGURE 7 The correction coils of the second magnet. The interval between the









FIGURE 8 Field distribution, for the first magnet, 12 mm (a) below and (b) above
the middle plane, using for the correction coils the optimal current (122.2 rnA).
Difference between two lines is 2 J.!T.
isofield lines). The correction performed is presented in Figures 8(a), (b)
and 9(a), (b).
5 MEASUREMENTS OF THE ANTISYMMETRIC
PERTURBATIONS
We will present the antisymmetric perturbations measured in one of













FIGURE 9 Field distribution, for the second magnet, 12 mm (a) below and (b) above
the middle plane, using for the correction coils the optimal current (115.7 rnA).
Difference between two lines is SilT.
(second magnet). The antisymmetric perturbations are presented in
Figure 5(a) and (b) in the area situated around x == 136 mm (x == 0 is the
mechanical boundary of the magnet). The antisymmetries at x ==
136 mm can be seen in detail in Figure 10. Comparing the measurements
at ±12 mm, before the correction, we observe, for a given y value, dif-
ferent tendencies of increase and decrease for the difference measure-
ments of the normal component of the magnetic field (for symmetric
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FIGURE 10 Antisymmetries before and after the correction of the magnetic field for
X= 136mm.
perturbations this is not observed because, for a given y value, the
normal component of the magnetic field exhibits the same tendency).
The measurements at ±12mm, after the correction (Figure 9(a) and
(b)), reveal the same behavior that characterizes antisymmetric per-
turbations. These perturbations are of small intensity and are almost
not changed when the correction coils are introduced, as predicted in
the theoretical calculations. The correction coils do not homogenize
simultaneously symmetric and antisymmetric perturbations. Only
the symmetric perturbations, that are predominant, are eliminated.
Figure 10 also gives an idea of the pole pieces rugosities, with length of
about 5 cm and height of about 6 JlT (considering the maximum
amplitude of the antisymmetries in an average field of 0.1 T, for the
gap height of 4 cm), that might have been created during the pole
pieces machine operation.
These antisymmetric perturbations, observed only in one of the end
magnets~ are responsible for a final uniformity (±2.5 JlT for the stan-
dard deviation of the field distribution shown in Figure 11) that is not as











FIGURE 11 Field distribution in the middle plane of the first magnet, using for the





FIGURE 12 Field distribution in the middle plane of the second magnet, using for
the correction coils the optimal current (115.7 rnA). Difference between two lines
is 21lT.
standard deviation of the field distribution shown in Figure 12) in
which only symmetric perturbations4 were found. Besides, we should
remark that, before the introduction of the correction coils, the mag-
net with antisymmetric perturbations had a field distribution, in the
middle plane, with greater uniformity (standard deviation of ± 17.8 ~T)















FIGURE 13 Field distribution, for the second magnet, 1mm (a) below and (b) above
the middle plane, using for the correction coils the optimal current (115.7 mA).
Difference between two lines is 2 JlT.
Figure 13(a) and (b), compared with Figure 9(a) and (b), shows that
the antisymmetric perturbations are not measurable at planes situated
at ± 1mm of the middle plane. So, they will not affect the electron beam,
whose diameter is of about 2 mm. This result means that, for both
magnets, the inhomogeneities are mainly symmetric, as the antisym-
metric ones, observed only in one of the magnets, is of low intensity. For
both of the end magnets, the final uniformity attained, in the middle
plane and in the ones situated at ±1 mm of it, is about 0.001 0/0.
36 L.R.P. KASSAB et al.
6 CONCLUSION
Antisymmetric perturbations were observed only in one of the end
magnets of the IFUSP race-track microtron booster accelerator. These
perturbations remained almost unaltered in the presence of the cor-
rection coils, that only homogenize symmetric perturbations. The
antisymmetric perturbations are of small intensity and will not com-
promise the beam (2 mm diameter) once they were not detected in the
planes situated at ±1mm of the middle plane.
We recommend attention to antisymmetric perturbations because
when their intensities are significant in the neighborhood of the middle
plane, the machine operation can be compromised. Care must be taken
in order to avoid these perturbations.
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